Abstract-A lateral accelerometer has been designed, simulated, and fabricated using a 3-mask high-aspect ratio technology. Electron beam lithography and high-density plasma etching in an inductively coupled plasma source enabled aspect ratios 30 to be achieved. This makes possible beams with very small spring constants. Combining the ability to measure very small displacement of a proof mass due to narrow capacitive gaps between comb fingers, a highly sensitive accelerometer can be obtained. The minimum detectable acceleration is on the order of a few microgravity over a range of hundreds of gravities.
I. INTRODUCTION
T HERE are fairly simple processes available to fabricate medium performance acceleration sensors capable of detecting milligravity (mg) acceleration signals [1] - [3] . However, to obtain devices with noise floors in the microgravity ( g) range, fabrication becomes more complicated in order to add features and gain performance [4] - [7] . The use of single crystal Si can increase the quality factor of the sensor which would allow decreased thermo-mechanical noise due to the force of gas molecules pushing against the sensor structure [8] . This noise is probably the performance-limiting factor in many g accelerometers. Also, the high-aspect ratios obtained using electron beam lithography and high-density plasma etching allow very small capacitive gaps to be fabricated and very small sensor motion to be detected [9] - [11] . This increases the sensitivity of the device and makes possible the measurement of g acceleration signals. There are many transduction methods currently used in acceleration sensors, such as capacitive and tunneling displacement transducers [12] - [16] . In this work, capacitive transduction was used in order to gain performance from capacitive gaps patterned using submicrometer lithography. Accelerometers have been designed which benefit from these improvements. These devices have been fabricated and tested in Publisher Item Identifier S 1057-7157(01)05870-X.
order to verify the performance gains provided by the new technology. Surface micromachined accelerometers are available commercially in high volumes with typical noise floors of 500 to 7000 g/Hz
[17]. This noise floor makes possible detection of mg signals, but no less. These accelerometers are fabricated using similar technology to the proposed accelerometer so that comparisons may be made. This device has a 0.1 microgram proof mass with 1.3 m gaps between comb fingers. It has a rest capacitance of 10 fF and a capacitance change of 20 aF can be detected which translates to a 0.02-nm movement of the proof mass. New high performance accelerometers have also been fabricated but are not yet commercially available. An accelerometer has been fabricated using silicon-on-insulator (SOI) wafers with a 52 microgram proof mass, a rest capacitance of 9.7 pF, and a resonant frequency of 3 kHz [18] . The noise floor of this accelerometer was measured to be 25 g/Hz . These accelerometers with integrated readout circuitry can be mass produced at low cost.
In this work, a high-sensitivity accelerometer is designed which takes advantage of submicrometer lithography and high-density plasma etching to gain performance over existing accelerometers. The single crystal Si accelerometer is fabricated from the surface and requires no wafer bonding or backside processing. It is 3 m thick with 0.2 m comb gaps and compatible with integrated circuit (IC) processing techniques. The design methodology for this accelerometer will be described, followed by simulation of the sensor structure and sensor fabrication. Finally, test results which highlight the operation and performance gains of the new design will be presented.
II. EXPERIMENT
The sensors were fabricated using a simple 3-mask process which is shown schematically in Fig. 1 . This process is completely compatible with previously developed processes which integrate the sensor with conventional circuitry with the addition to the circuit process of a single mask [11] . However, in order to first demonstrate sensor performance gains, the circuitry was not included.
The process begins with a B diffusion into an n-type Si wafer. introduce beam tip deflection for cantilevered beams [19] . However, for our accelerometer design and for many other sensor applications, p microstructures have been used without stress related problems. The B diffusion determines the thickness of the final device and in this case is 3 m. Next, a 1-m-thick Al layer is lifted off to form the Al bond pads as well as to serve as alignment marks in the electron beam lithography system. A low temperature oxide (LTO) layer is deposited in a low pressure chemical vapor deposition (LPCVD) furnace and patterned to cover the Al bond pads. The 900 nm thick LTO is deposited at 420 C with a pressure of 360 mtorr for 110 min. This will protect the bond pads from the release etch in ethylenediamine pyrocatechol (EDP).
Electron beam lithography is then used to pattern polymethylmethacrylate (PMMA) to define the accelerometers with submicrometer beams and comb gaps. The 950 K molecular weight PMMA resist was baked at 180 C for 30 min, giving a final resist thickness of 400 nm. The PMMA was then exposed to a 50 keV electron beam with a typical dose of 274 C/cm . The exposed resist was then developed in a 1 : 1 solution of methylisobutylketone and isopropyl alcohol (IPA) for 1 min followed by a 1 min rinse in IPA. This patterned resist is used to lift off a 230-nm-thick evaporated Ni dry-etch masking layer. A deep Si etch is performed in an inductively coupled plasma (ICP) system using 80 W source power and 100 W stage power at 1 mtorr with 10 sccm of Cl flow and a source to sample distance of 13 cm. This etch condition is chosen to provide a vertical etch profile for submicrometer beams and combs. The dry etch time to completely etch through the 3 m B diffused layer was about 45 min. Next, the samples are etched in EDP for 15 min to release the structures, since EDP can selectively etch the lightly doped n-type Si underneath the 3 m thick p layer. Finally the Ni mask is removed in HCl and the LTO is removed in BHF. In this case the BHF etch was carefully timed so that the Al bond pads would not get attacked. This was found to work well but must be characterized carefully and test etches must be performed. In order to ease this process, a wet oxide etch that does not etch Al could be used, or the oxide could be removed through a dry etch. Even though the release etch was performed in liquid, stiction of the movable structure to the fixed structure or substrate was not observed. This could be due to the large separation between the movable structure and the substrate below it.
III. RESULTS AND DISCUSSION

A. Accelerometer Design
Preliminary calculations have been performed to estimate device characteristics which might limit the detectable acceleration. Fig. 2 shows an acceleration sensing structure which can be used to calculate basic limitations and device characteristics. Using a 3-m-thick proof mass, the mass of the sensor can be calculated. 5 5 m holes in the proof mass are included in order to allow the undercutting and release of the structure using the EDP etch. The holes are spaced at a period of 8.5 m and rotated 45 relative to the manhattanized layout. These dimensions will allow the large proof mass to be completely released in just a 15-min EDP etch. The volume of the proof mass is calculated to be m and the mass is calculated to be kg, or about 9.0 micrograms. If we assume that a comb array is used to sense motion and that the comb fingers are 2 m wide with 0.1 m gaps between them, we can calculate the nominal capacitance and the minimum resolvable movement of the mass. Using these dimensions, we have enough room for 807 comb fingers. Note that not only do the small comb gaps increase sensitivity by increasing the capacitance change, but also allow more fingers per area to be included. We will assume a nominal finger overlap of 5 m, although this could be increased or decreased in order to change the nominal capacitance. If we assume that we can detect 0.1 fF Hz with a sensitivity of 75.99 pF/g. With such a high-capacitance sensitivity, the noise floor of the device may be limited by thermo-mechanical noise caused by gas molecules pushing against the structure. The noise equivalent acceleration ( ) due to Brownian motion of gas molecules is given by [8] (1) where is the Boltzmann constant and is equal to J/K and is the temperature and is assumed to be 300 K. The damping term for one finger, , is given by the following equation [20] : (2) where viscosity of air and is equal to kg/m-s; area of the comb finger overlap and is equal to 3 m 5 m; gap between comb fingers. This damping term assumes a Couette-type damper model which is appropriate in this type of comb drive. However, this is only an approximation and this model assumes a plate with the velocity of the fluid on one side of the plate decaying linearly to zero at the boundary. The two sides of the comb were taken into account by multiplying the damping term by 2 for each side of the comb and then multiplying by the number of combs. This should give a good approximation for the damping term, . Using these methods, the Brownian noise limit is calculated to be 4.4 g/Hz .
This structure has some advantages that make it particularly strong in certain applications. Since the substrate and the sensor are both made of single crystal Si, it is expected that the sensor performance will be less sensitive to temperature variations. Typically, sensor output will vary with temperature due to the difference in thermal expansion coefficient between the sensor structure and the material to which it is anchored. However, since this device is made of Si and the substrate is also Si, both will expand and contract at the same rate with varying temperature, and the output should remain stable over temperature.
The comb drive on this sensor utilizes a varying overlap area for capacitance change. This is often not used because the capacitance change is inversely proportional to the gap between combs as shown in (3) [21] :
In a comb utilizing a varying gap instead of varying overlap area, the capacitance change is inversely proportional to the square of the gap which will provide a higher sensitivity: (4) Also, since the gap varies, the combs can be made long to increase the capacitance change. However, since the gaps utilized here are so small, adequate capacitance change can be achieved with the varying area comb drive and its advantages can be exploited. One advantage of this type of comb drive is that the pull-in voltage can be made very large. As the length of the comb fingers is increased, the pull-in voltage can be increased. The only limit to this occurs when the comb fingers are too long, they become less stiff in the off axis direction and can pull-in with off axis acceleration. However, if they are kept stiff, large accelerometer displacement can occur without any change in sensitivity. This large displacement was simulated and accelerations as high as 1000 g could be tolerated before the maximum stress in the device reached the yield strength of 7 GPa for Si. This allows an extremely sensitive accelerometer with a very large dynamic range to be fabricated with minimum detectable accelerations on the order of a few g while being able to measure over a range of hundreds of g. This will probably be limited by the detection circuit capability to resolve a small capacitance change over a large background capacitance.
B. Finite Element Simulation of Accelerometer
Simulation using finite element methods has been performed to verify mechanical behavior of the structure as well as to optimize accelerometer design. The commercially available finite element simulation program, ANSYS 5.5, has been used for the mechanical simulation [22] . During operation of the device, the plate will remain fairly rigid due to its large stiffness. The etch holes distributed throughout the plate will make it slightly less rigid. In order to simplify the simulation, the etch holes were lumped together into one large hole in the middle of the plate. The plate would remain rigid, but the mass would be equivalent to the mass of the actual device. Combs were omitted for simplicity from this model. The combs will add some mass to the structure, however, this mass is small compared to the mass of the plate, so it can be neglected for initial simulations. The simulated structure with lumped etch holes is shown in Fig. 3(a) . A close-up of the beam attachment to the plate is shown in Fig. 3(b) with meshing completed. The simulations are modeled using a 3 m thick, 1015 835 m plate with 4 beams that are Simulation can be performed to determine the positions of the resonant modes as well as the force required to fracture the device and the device's reaction to gravity. From these, spring constant and sensitivity can also be extracted. When simulated, this device was broken into 58 739 elements and the mass was kg. A modal analysis took about 5 min to extract the first 5 resonant modes. The modes were at 360, 1091, 3029, 4571, and 39 944 Hz. The first mode was the desired mode of vibration in the direction. The second mode was vibration in the -axis and the third and fourth modes were torsional. The fifth mode which is way above the others, is a vibration of the springs alone. The spring constant was calculated to be 0.027 N/m from the simulation. Problems were encountered when trying to simulate high aspect ratio beams with a narrow beam width. Since the accelerometer structure is quite large, the number of elements increases rapidly. For beams with a very high aspect ratio, a large number of elements must be used to satisfy aspect ratio specifications of the software. Elements with high aspect ratios cause larger errors in simulation, therefore, multiple elements with a lower aspect ratio must be used. A large number of elements has a large memory requirement and the software package used also has a maximum element limit. Fig. 4 shows a die photo of the completely released accelerometer. The surface around the structure shows texturing from the EDP release etch. This is visible under the optical microscope, however, when viewed under the scanning electron microscope, the surface is quite smooth as shown in Fig. 5 . The accelerometer was completely released after 25 min in EDP and was verified to be functional through electrical testing. The suspended structure is shown in Fig. 5(a) . The proof mass can be seen suspended by one of the four beams and the Al bond pad is in the top of the figure. The comb fingers are also visible which provide drive capability and also serve to electrically sense the motion of the structure. In Fig. 5(b) , a higher magnification of the comb fingers shows the vertical profile and submicrometer gaps generated by etching the high aspect ratio resonators in Cl . These comb drives are 3 m thick with 0.2 m gaps in between.
C. Fabrication Results
If the structure is left in EDP for a long time, the whole structure will undercut and the anchored areas will release from the substrate. The structure has been designed so that the whole device will be totally released in only 15 min in EDP. However, undercut of the bond pads is still undesirable because an undercut bond pad will not have the mechanical strength that a completely anchored one would. Fig. 6(a) shows a bond pad without corner compensation. The pad is undercut even after 25 min in EDP. However, corner compensation structures on the corners of the bondpad as shown in Fig. 6(b) will prevent the EDP from undercutting at the corners. This will provide a strong anchor for the structure, and will also make wire bonding to the pad easier and resistant to fracture.
D. Accelerometer Testing and Performance Analysis
Testing of the released accelerometers was performed. Since the structure is designed to be very sensitive to small forces, it can be pulled in quite easily. The pull-in voltage for the structure with 1-m-wide beams was found to be 5 V. For the pull-in voltage of 5 V, the structure was displaced by 6 m. From this pull-in voltage and the geometry of the structure, the force ( ) on one of the plates of the capacitor per finger is given by (5) where dielectric constant of the material between the comb fingers; thickness of the structure; gap between comb fingers; voltage placed across the comb. The force is calculated to be N and this is multiplied by 2 for the two plates on each side of the movable finger and again by 230 for one set of combs. This gives a total force applied of N. Using Hooke's Law and a deflection of 6 m for pull in, this gives a spring constant of 0.127 N/m which is very close to the simulated spring constant of 0.146 N/m for the 1-m-wide beams of this particular fabricated device.
A dc voltage was applied to the device across one set of combs to provide a known force and the capacitance change is measured. An accelerometer with 0.4-m-wide beams and 0.2-m-wide comb gaps was tested. The voltage across the combs was set to 2.5 V and swept to 0 V in steps of 0.1 V. The capacitance at each point was measured and a plot of this capacitance-voltage ( -) curve is shown in Fig. 7 .
Negative voltages must be applied so that the p /n diodes are kept reverse biased. The reverse leakage current was measured to be in the A range and it does not affect the measurement of junction capacitance, [11] . The junction capacitance varies with bias voltage and it was found that decreased from 6.7 pF at 0 V to 2.7 pF at 2.5 V. Therefore, this junction capacitance will serve to mask the sensitivity during -measurements. However, under normal device operation, a constant bias is applied, so that the junction capacitance will not vary.
From these two measurements, the junction capacitance variation can be subtracted out from the total measured capacitance change, yielding the capacitance change due to movement of the structure alone. The capacitance variation due to structure motion increased from 513 fF at 1.3 V to 706 fF at 2.5 V. This sensitivity corresponds to 269 fF/V due to movement of the sensing mass. The variation of capacitance with force can be calculated using [21] (6) where is the dielectric constant and a is the applied acceleration to the sensor. From the measured -curve, the capacitance change can be related to equivalent acceleration as shown in Fig. 8 . Therefore, the equivalent sensitivity for one set of combs obtained from the changes in capacitance was found to be 39.62 fF/g. Thus, operating using both combs will produce an equivalent sensitivity of 79.2 fF/g, which is higher than the calculated sensitivity of 44.2 fF/g. We have also fabricated accelerometers with 1-m-wide beam. Since the wider beams have a large spring constant, the equivalent sensitivity from the measured capacitance changes was lower to 48.6 fF/V or 6.3 fF/g, which was very close to the calculated value of 7.0 fF/g for the device with 1 m beams. As the beam width continues to be scaled down, the spring constant will decrease further and the predicted resolution of a few g can be realized.
IV. CONCLUSION
An acceleration sensor with a minimum detectable acceleration in the g range was designed in order to demonstrate and prove the performance gains provided by the dry etch conditions and fabrication processes. This accelerometer will benefit by the high aspect ratio gaps, providing increased capacitance as well as a larger number of sense fingers in the comb sense structure compared to sensors fabricated using other technologies. With submicrometer beam width and comb gaps, these devices should be able to achieve g sensing with the added benefit that the simple process can result in high yields with very few processing steps. In addition, the process used is compatible with circuit integration so that circuitry can be included with the sensor.
The fabricated sensor has a mass of kg and had a proof mass that was m . The measured spring constant for 1-m-wide beams was 0.127 N/m, which was close to the simulated spring constant of 0.146 N/m. From the measurements of capacitance changes, the equivalent sensitivity is calculated to be 6.3 fF/g, which is similar to the sensitivity of 7.0 fF/g for the 1-m-wide beams obtained from the calculations based on device design. For the device with 0.4-m-wide beams, an equivalent sensitivity is calculated to be 39.62 fF/g for one set of combs or 79.2 fF/g for both sides. The accelerometer sensitivity can be further improved by fabricating even narrower beams. As shown in the calculations, 0.2-m-wide beams with 0.1-m-wide gaps can provide a sensitivity of 76 pF/g with a noise equivalent acceleration of 4.4 g/Hz . 
